The contribution of rare variants to disease burden has become an important focus in genetic epidemiology. These effects are difficult to detect in population-based datasets, and as a result, interest in family-based study designs has resurfaced.
Introduction
With the availability of high throughput genome sequencing, rare variants are an important new direction of investigation in genetic epidemiology. Detecting effects of rare variants is difficult in population-based study designs. Since individual rare variants account for little of the population heritability, family-based study designs may provide a more powerful to detect their effects. Populationbased studies require extremely large sample sizes for a rare variant to be found in multiple participants. Due to their relatedness, a rare variant found in one pedigree is much more likely to be found in a relative than an individual from the general population.
Rare variants tend to be recent in origin, and lay on long haplotypes relatively undisturbed by recombination events. These regions are detectable in pairs of individuals directly from genotype data, and current tools for family-based genetics analysis will need to be updated to exploit this phenomenon.
Cryptic relatedness is a phenomenon in which individuals are related without their own knowledge. This is more common than expected from basic population genetic models (Gusev et al. 2012) , but is consistent with population history (Henn et al. 2012; Palamara et al. 2012; Ralph and Coop 2013) . In familybased analysis pedigrees are generally assumed to be independent from each other.
However, pedigrees drawn from a single population can show cryptic relatedness as well. Multiple pedigrees can share a distant common ancestor. If an 'unrelated' pair of individuals share a segment of the genome containing a rare high-effect variant, this would be an important source of covariance that would go unmodeled in analysis methods that consider pedigrees separately.
Conventional methods of IBD determination cannot scale to dense genotypes in large pedigrees. The Lander-Green algorithm (Lander and Green 1987) enumerates all possible descent patterns to determine IBD status, limiting the size of pedigrees that can be analyzed. By working on each pedigree individually, it is limited to within-pedigree IBD, and cannot detect cryptic relatedness between pedigrees. Additionally, marker alleles must be in linkage equilibrium. To meet this requirement, the majority of genotype data available from SNP array or sequencing experiments must be discarded. Kong et al. (2008) Here we propose a shared genomic segment method of variance components linkage (SGS-VC). IBD states are evaluated from runs of IBS, and all pedigrees in a dataset considered jointly. This model can be evaluated rapidly and shows increased power compared to conventional methods. We also show that when variants influencing a phenotype are shared between pedigrees, the inclusion of this covariance greatly increases power to detect linkage.
Method
We consider the linear variance-components model for linkage analysis:
where X is a design matrix of fixed effects with corresponding coefficients β, a is the additive effect of polygenes, q is the effect of a QTL at the locus under consideration and e is residual error. Observations have the variance-covariance matrix:
with Φ as the additive relationship matrix and Π is the matrix of IBD states at the locus. This model is fit by restricted maximum likelihood estimation. To determine statistical significance, the model is compared to a model lacking the QTL effect terms.
IBD states for the model can be determined by identifying shared genomic segments. While many implementations exist for this task ( This method evaluates all individuals in the dataset jointly. As a result the covariance matrices used in the mixed model can become large. Since fitting mixed models requires inverting these matrices, computation time for the statistical portion of this method is increased, but may result in increased power around potential causal variants.
Simulated data
We evaluate the performance of this method using one hundred simulated datasets generated by the pydigree software package. Each replicate consisted of fifty pedigrees based on the template shown in Figure 1 .
The simulation phenotype was generated under a standard normal distribution (µ=0, s=1), and was set to have a narrow-sense heritability of 50%.
Genotypes were based on the SNPs available on chromosome 12 from the Affymetrix 6.0 platform. This resulted in a set of 30,882 common SNPs per individual. A SNP at 42,203,444 bp was designated as the causal variant. We create a 5,000 SNP haplotype that contained this variant. This haplotype was the only place the causative variant could be found. This procedure was for effect sizes of 0, 0.5, 1.0, 1.5, and 2.0.
Genotypes were simulated using a forward-time method. To include cryptic relatedness into the simulation, each pedigree in the simulation had a 20% chance of a founder individual carrying the causal haplotype. For these pedigrees, meiosis were constrained so that the causal haplotype was transmitted to at least one individual in each of the sibships.
Comparison methodologies
We chose to compare the performance of SGS-VC to other methods. We consider two models: one including cryptic relatedness (SGS-VC-Joint+Between), and an identical model with between-pedigree IBD states fixed at 0 (SGS-VC-Joint). To compare with conventional linkage, analysis on the simulated dataset was performed using the variance-components model implemented in MERLIN (Abecasis et al. 2002) . MERLIN assumes the set of marker genotypes is in linkage equilibrium. Therefore a subset of 133 SNPs were used for analysis.
The performance of association methods was determined by a variancecomponents association model, using the pedigree relationship matrix as a random effect and each SNP as a fixed effect. Since fitting the variance-components model is time-intensive, association was only evaluated at the causal variant. To account for the multiple testing burden of a genome-wide association strategy, the significance threshold was set at 10 -8 .
Simulation Results
In all simulations, type I error was well controlled for each method. Even in the presence of between pedigree IBD, there was no increase in false positive rate when no causal variant was present.
Power to determine evidence of linkage at LOD score thresholds of 2 and 3 are given in tables 1 and 2, respectively. In the presence of a high-effect variant SGS-VC had substantially more power across a range of effect sizes to detect linkage than MERLIN or an SGS-VC-Joint. MERLIN showed low power for every effect size. As effect sizes increased, SGS-VC-Joint showed increased power compared to MERLIN.
For a LOD threshold of 3, SGS-VC-Joint+Between was the only model that showed good power for effect sizes less than 2. Mixed model association showed good power to detect the variant at high effect sizes, but was lower than the SGS-VCJoint+Between.
Discussion
In general, the use of IBD states determined by SGS outperformed MERLIN.
In the presence of between pedigree IBD, SGS-VC-Joint+Between showed much higher power to detect linkage than other methods, indicating that modelling between-pedigree covariance can be an important factor in identifying causative alleles.
Even Between-pedigree relatedness can be a useful source of information when trying to identify causative loci. As the number of pedigrees in a dataset increases, so does the likelihood of cryptic relatedness. SGS-VC presents a powerful way of exploiting that cryptic relatedness. Table 2 . Power of methods in simulation data to reach genome-wide significance (LOD > 3 for linkage methods, p < 10 -8 for association).
